Introduction
Drill core samples recovered by the Iceland Deep Drilling Project (IDDP) from the Reykjanes geothermal system in SW Iceland provide unique examples of in situ seawater-basalt reaction at elevated temperatures (275-3458C) and extreme depths (2245 and 2570 m). The seawater-recharged Reykjanes geothermal system is located on the immediate onshore extension of the submarine Reykjanes Ridge (Figure 1 ). Prior to the discovery and direct observation of seafloor hydrothermal activity, the Reykjanes geothermal system was recognized as a useful analog for studying chemical exchange reactions between seawater and basalt resulting from seafloor hydrothermal activity [Bischoff and Dickson, 1975; Elderfield et al., 1977; Mottl and Holland, 1978] , when important differences in pressure are accounted for.
Alteration of oceanic crust by seawater is a critical planetary-scale geochemical process that affects seawater composition [Hart, 1970; Elderfield et al., 1977; Humphris and Thompson, 1978a] . Drill core samples recovered by the Deep Sea Drilling Project (DSDP), Ocean Drilling Program (ODP), and Integrated Ocean Drilling Program (IODP), and sections of sheeted dikes tectonically uplifted and exposed on the East Pacific Rise at Hess Deep and Pito Deep have been essential for estimating the role of hydrothermal element fluxes between oceanic crust and the oceans in global geochemical cycles [Staudigel et al., 1981a [Staudigel et al., , 1981b Alt et al., 1986; Verma, 1992; Mottl and Wheat, 1994; Staudigel et al., 1995 Staudigel et al., , 1996 Gillis, 1996; Alt and Teagle, 1999; Hart et al., 1999; Laverne et al., 2001; Wheat et al., 2002; Bach et al., 2001 Bach et al., , 2003 Teagle et al., 2003; Heft et al., 2008; Alt et al., 2010; Dekkers et al., 2014] .
Owing to the expense and technical challenges of seafloor exploration and submarine drilling, drill core samples have been recovered from only four holes that penetrate greater than 1000 m into oceanic crust (DSDP/ODP Hole 504B, ODP/IODP Hole 1256D, ODP Hole 735B, and IODP Hole U1309D) [Ildefonse et al., 2007] . Holes 735B and U1309D predominantly sampled gabbroic rocks that were tectonically uplifted and Lithology, alteration mineralogy, and temperature characteristics of the Reykjanes geothermal system are well characterized from the more than 30 wells that have been drilled for the production of geothermal energy, some to depths exceeding 3000 m. The majority of subsurface samples from these wells are returned as drill cuttings, which are of limited use for determining seawater-basalt element exchanges due to mixing of different lithologies and contamination of samples by drilling equipment [Fowler and Zierenberg, 2016] . Recently, the Iceland Deep Drilling Project (IDDP) recovered spot drill cores to test newly designed drilling equipment during the drilling of three new geothermal wells (RN-17B, in the Reykjanes geothermal system. The spot cores were recovered from true vertical depths ranging between 2245 and 2570 m and in situ temperatures ranging from 275 to 3458C [Friðleifsson et al., 2005 Inset map shows the locations where drill core and drill cutting samples discussed in this study were collected. Modified from Jakobsson et al. [1978] , Saemundsson [1979] , and Einarsson and Saemundsson [1987] .
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The lithologies recovered in the RN-17B core include pillow basalts, hyaloclastite breccia, lithic breccia, and basaltic sandstone and are consistent with original emplacement on the seafloor within the axial volcanic zone [Fowler et al., 2015] . The cored interval has undergone high-temperature (>4008C) alteration by seawater resulting in the formation of secondary calcic plagioclase and hydrothermal hornblende, followed by cooling to temperatures between 345 and 4008C recorded by epidote vein-hosted fluid inclusions [Fowler et al., 2015] . The alteration mineral assemblage in the RN-17B core is similar to high-temperature alteration preserved in the lower sheeted dikes (1500-2111 m below seafloor [mbsf] ) in Hole 504B [Alt, 1995; Fowler et al., 2015] . The original rocks in the RN-19 and RN-30 cores from the Reykjanes Peninsula consist of a series of crystalline intrusive basalts including chilled margins characteristic of sheeted dike samples recovered from in situ oceanic crust. These preliminary IDDP drill cores collected at Reykjanes provide the first deep (>1000 m) oceanic crust samples recovered from a zone that is actively undergoing high-temperature (>2758C) alteration by seawater.
The objective of this study is to document seawater-basalt element exchanges recorded by the Reykjanes IDDP cores. Whole-rock hydrothermal element gains and losses are determined by comparing the IDDP samples to unaltered equivalents. We compare compositional changes in the Reykjanes drill cores to those in hydrothermally altered samples dredged from the seafloor and drilled from in situ oceanic crust. We show that the Reykjanes drill cores originally emplaced on the seafloor record the integrated effects of advancing stages of alteration, and preserve some aspects of earlier low-temperature weathering and alteration. In contrast, dolerite dikes intruded at depth solely record high-temperature alteration similar to sheeted dike samples recovered from in situ oceanic crust, although differ in that there is no evidence of overprinting by subsequent low-temperature alteration.
Geology of the Reykjanes Peninsula
The combination of volcanic activity and tectonic extension has produced several high-temperature geothermal areas along the Reykjanes Peninsula, of which the Reykjanes geothermal system is at the westernmost tip [Jakobsson et al., 1978; Arn orsson, 1995] . Fluids in the Reykjanes geothermal system are composed of seawater chemically modified by boiling and reaction with the basaltic host rock [T omasson and Kristmannsd ottir, 1972; Arn orsson, 1978 Arn orsson, , 1995 Freedman et al., 2009] . Deep fluid samples have dissolved metal and major element compositions similar to typical seafloor black smoker fluids [Hardard ottir et al., 2009 [Hardard ottir et al., , 2012 . Oxygen and deuterium isotope values of fluids and alteration minerals suggest that meteoric fluids infiltrated the system and mixed with seawater sometime in the past [ Olafsson and Riley, 1978; Sveinbj€ ornsd ottir et al., 1986; Lonker et al., 1993; Pope et al., 2009; Marks et al., 2015] . The Sr isotope ( 87 Sr/ 86 Sr) values of alteration minerals coupled with elevated fluid inclusion salinities indicate that even during periods of increased meteoric fluid infiltration, seawater has remained the dominant component of fluids and increasingly so with depth [Franzson et al., 2002; Fowler et al., 2015; Marks et al., 2015] .
Below 1200 m in the Reykjanes geothermal system, fluids increase in temperature with depth, are freely convecting, but are not boiling [ Armannsson, 2016] . Key alteration mineral zones change as a function of increasing depth and temperature [T omasson and Kristmannsd ottir, 1972; Lonker et al., 1993; Marks et al., 2010 Marks et al., , 2011 . A monotonic increase in temperature with depth and the convex-upward shape of alteration mineral isograds indicate the Reykjanes geothermal system is a zone of focused hydrothermal up-flow, and lateral fluid flow is of little significance to alteration and fluid characteristics at currently explored depths [e.g., Marks et al., 2015] .
The Reykjanes Peninsula is divided into five neo-volcanic fissure swarms (Reykjanes, Grindav ık, Kr ysuv ık, Bl afj€ oll, and Hengill), expressed in an en echelon arrangement of postglacial eruptions [Jakobsson et al., 1978; Clifton and Kattenhorn, 2006] . Basalts in the neo-volcanic fissure swarms are indistinguishable in terms of petrology and major element chemistry [Jakobsson et al., 1978] . The postglacial neo-volcanic fissure swarms are linked to four volcanic systems (Reykjanes, Kr ısuvik, Brennisteinsfj€ oll, and Hengill), each with a unique magma supply, and prolonged volcanic history [Saemundsson, 1979; Einarsson and Saemundsson, 1987] .
Submarine Reykjanes Ridge and subaerial Reykjanes Peninsula basalts differ isotopically and compositionally from normal mid-ocean ridge basalts and are compositionally more heterogeneous [Schilling, 1973; Hart et al., 1973; Murton et al., 2002; Koornneef et al., 2012] . Surface samples from the Reykjanes Peninsula range petrographically from picritic basalts to tholeiitic basalts, with intermediate and acid rocks identified only in Geochemistry, Geophysics, Geosystems
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FOWLER AND ZIERENBERG REYKJANES CORE ELEMENT GAINS AND LOSSES 3 the easternmost Hengill volcanic system [Jakobsson et al., 1978] . Tholeiitic basalts are the dominant exposed rock type, while picritic basalts account for <2% of the erupted volume exposed on the western Reykjanes Peninsula [Jackobsson et al., 1978] (Figure 1 ). The picritic basalt parental liquid was likely a high-MgO (11-13 wt %) primitive basalt rather than a true picritic liquid (MgO >18 wt %), considering the picritic basalts contain high and variable cumulate olivine [Gee et al., 1998; Revillon et al., 1999] .
Reykjanes Peninsula tholeiitic and ''picritic'' basalts have distinct incompatible and moderately incompatible element ratios, with few intermediate compositions [Gee et al., 1998 ]. The high-MgO ''picritic'' basalts in the Reykjanes volcanic system are defined by Nb/Zr ratios <0.07, have low incompatible element abundances, and are referred to here as ''trace element depleted'' after Gee et al. [1998] . The more voluminous and more evolved tholeiitic basalts (MgO generally <8%) are defined by Nb/Zr ratios >0.07, and have higher incompatible element abundances relative to the trace element depleted lavas, and are referred to here as ''trace element enriched'' [Gee et al., 1998; Kokfelt, 2006; Peate et al., 2009] Nd isotopic ratios [Zindler et al., 1979; Gee et al., 1998 ], there is overlap [Thirlwall et al., 2004] [Zindler et al., 1979; Elliott et al., 1991; Hemond et al., 1993; Gee et al., 1998; Revillon et al., 1999; Chauvel and H emond, 2000; Kempton et al., 2000; Skovgaard et al., 2001; Thirlwall et al., 2004; Kokfelt, 2006; Brandon et al., 2007; Nielsen et al., 2007; Peate et al., 2009; Martin and Sigmarsson, 2010; Koornneef et al., 2012] .
Isotopic and trace element differences between the TEE and TED basalts cannot be explained by fractional crystallization alone [Wood et al., 1979; Hemond et al., 1993] . The differences between TEE and TED basalts on the Reykjanes Peninsula have been explained by various combinations of mantle source heterogeneity [Zindler et al., 1979] , mixing of at least two components [Chauvel and Hemond, 2000; Fitton, 2003; Kokfelt, 2006; Koornneef et al., 2012] , mixing of more than two components [Hanan and Schilling, 1977; Thirlwall et al., 2004; Peate et al., 2009 Peate et al., , 2010 , assimilation of hydrothermally altered crust [Oskarsson et al., 1985; Hemond et al., 1993; Gee et al., 1998; Kokfelt, 2006] , and mixing of melts that were extracted at different crustal levels [Koornneef et al., 2012] .
Materials and Methods
2.1. Core Drilling IDDP and the geothermal field operator, HS Orka hf, provided samples of drill core from RN-17B, RN-19, and RN-30 ( Figure 1 and Table 1 ). Coring was funded by the International Continental Scientific Drilling Program (ICDP) to test coring bit technology for a future IDDP attempt to obtain drill core from portions of the geothermal system hosting supercritical fluids [Friðleifsson and Richter, 2010; Friðleifsson et al., 2014] . Wells chosen for coring were determined by the field operator.
The 4 inch diameter IDDP drill cores were obtained during or immediately after the rotary drilling of new geothermal production wells using freshwater as the drilling fluid; therefore, contamination of the core by scale minerals from previously produced fluids does not contribute to sample contamination. The RN-19 core was drilled using a Baker-Hughes PDC core-bit, with near 100% recovery (2.7 m) before termination of the coring run due to a suspected jammed core barrel [Friðleifsson and Richter, 2010] . The core apparently jammed in the core barrel when it broke along a high-angle chlorite-actinolite lined fracture at the base of the recovered core [Friðleifsson and Richter, 2010] . The RN-17B and RN-30 cores were obtained using a corebit and core barrels specially designed for scientific drilling into extreme high-temperature conditions [Skinner et al., 2010] .
RN-19 is a near-vertical geothermal well located on the eastern edge of the main geothermal production area. RN-17B and RN-30 were drilled from the same pad and are deviated at depth to the SSW and SE, respectively (Figure 1 ), both at 358 from vertical. Because wells RN-17B and RN-30 are not vertical, the true vertical depth differs from the downhole depth. Sample labels and depths used in this study refer to downhole depth unless specifically stated. [ Armannsson, 2016] , and are composed of a series of fine to coarse crystalline dolerite intrusions of basaltic composition.
RN-19 Drill Core
The RN-19 drill core is composed of a homogenous coarse-grained dolerite with unaltered primary clinopyroxene and plagioclase (Figure 2A) , and the mesostasis entirely altered to chlorite 1 actinolite ( Figure 2B ) [Friðleifsson et al., 2005; Friðleifsson and Richter, 2010] . The core is cut by sparse 1-2 mm wide chloriteactinolite veins. It is unclear whether the RN-19 dolerite is a sill or dike as no chilled margins are present and only a portion of the intrusion was recovered, although it is interpreted to come from a sheeted dike complex [Friðleifsson and Richter, 2010] . Xenocrystic plagioclase glomerocrysts are common in thin section ( Figure 2B ). Primary clinopyroxene and plagioclase host extensive secondary fluid inclusions in healed microfractures and cleavage planes (Figures 2A and 2B ). Multiple generations of cross-cutting secondary fluid inclusion suites are present, some are entirely vapor dominated, some are liquid dominated, and some include both liquid and vapor dominated inclusions within the same healed fracture. Fluid inclusions are <5 lm in size, range from elongate to equant in shape, and have vapor bubbles ranging from 30 to >90% of the inclusion volume. Titanomagnetite and clinopyroxene are commonly altered to chlorite 1 actinolite along crystal margins ( Figures 2B and 2C ). The limit of determination (LOD) for XRF measurements is the 2-sigma limit determined from analyzing 250 repeat experiments over 14 months by Washington State University (WSU) GeoAnalytical Lab. LOD for ICP-MS is the concentration equivalent of the analytical blank 1 3 times the standard deviation of the concentration equivalent of replicate measurements of the analytical blank. Note that values approaching the LOD have associated errors of approximately 6100%.
c Precision is the % relative standard deviation (RSD; 1 sigma) based on replicate measurements of WSU in-house basalt standard BCR-C (n 5 7 for XRF; n 5 54 for ICP-MS). Cu %RSD is based on n 5 7 XRF replicate measurements of granodiorite standard GSP-1.
d TEE 5 trace element enriched (Nb/Zr < 0.07); TED 5 trace element depleted (Nb/Zr > 0.07) as defined by Gee et al. [1998] for the Reykjanes Peninsula.
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RN-17B Drill Core
Detailed lithological and petrological descriptions of the RN-17B core are provided elsewhere [Friðleifsson et al., 2005; Friðleifsson and Richter, 2010; Fowler et al., 2015] . Lithologies preserved in the RN-17B core consist entirely of submarine basalt pillows, lithic breccia, hyaloclastite breccia, and basaltic sandstone similar to deposits observed along the axial ridges of the submarine Reykjanes Ridge [i.e., Parson et al., 1993] . The rocks were subsequently buried by ongoing volcanic activity and subsided to current depths [Friðleifsson and Richter, 2010; Fowler et al., 2015] . Fowler et al. [2015] describe alteration in the RN-17B core as follows. Hyaloclastite shards and pillow/clast rims originally composed of glass are present in hyaloclastite, lithic breccia, and sandstone units and are altered to brown hydrothermal hornblende surrounded by an albite-filled matrix. Crystalline clasts in clast-supported breccias are composed of uralitized clinopyroxene and plagioclase laths replaced by intergrowths of albite and calcic plagioclase. Actinolite, albite, chlorite, and epidote commonly fill void spaces and persist in the interiors of large crystalline clasts and basalt pillows. Minor secondary phases include pyrite, Feoxide, and titanite. Later epidote veins (6 pyrite 6 actinolite) crosscut lithologies; quartzbearing veins are absent in the cored interval. The RN-17B rocks are pervasively altered to a disequilibrium assemblage including both greenschist and amphibolite grade alteration minerals, and no primary igneous minerals persist.
The alteration history recorded in the RN-17B core, a sidetrack of hole RN-17, provides a very different picture of alteration compared to investigation of cuttings from RN-17 and RN-17B [Marks et al., 2010; Fowler and Zierenberg, 2016] . Geochemical variations in RN-17 and RN-17B drill cuttings analyzed at 50 m depth intervals from downhole depths ranging between 350 and 3050 m [Marks et al., 2010] are relatively minor compared to the variations seen in the RN-17B core, particularly for depths below 2000 m where intrusive rocks predominate [Fowler and Zierenberg, 2016] . Based on the relatively unaltered nature of the cuttings and oxygen and strontium isotope profiles showing little downhole variation below 2000 m, the impression is that the Reykjanes system is rock dominated with abundant intervals of relatively unaltered rock, and fluid flow is mostly controlled by infrequent fractures . In stark contrast, core RN-17B shows pervasive alteration and much larger variations in chemical composition, including zones 
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of Na addition and adjacent zones of Na depletion [Fowler and Zierenberg, 2016] . The coarse-grained cuttings that are routinely analyzed in order to infer downhole lithology and alteration are clearly biased by selective recovery of relatively unaltered rock and resistant alteration minerals, especially quartz and epidote, and caution should be used when inferring chemical exchange based on drill cuttings [Fowler and Zierenberg, 2016] .
RN-30 Drill Core
We provide a detailed RN-30 core log as an electronic appendix. Building on Friðleifsson's [2011] preliminary description of the RN-30 cores, we find the RN-30 drill cores consist of four to six dolerite intrusions of basaltic composition overlain by drill-rounded cobbles from a hyaloclastite deposit and hydrothermally altered fine-grained basalt that sloughed from higher levels of the borehole (Figure 3 ). The true number of intrusions is unknown owing to uncertainties about the relationships of the oldest intrusions to each other; they may be the same intrusion repeatedly intersected by younger intrusions, or different intrusions. The number of intrusions is also obscured by a tectonically fractured zone between 2520 and 2524 m. All of the intrusions are intersected by numerous veins of chlorite 6 amphibole, pyrite and chalcopyrite, and other <1 mm wide veins of chlorite 1 amphibole 1 quartz. Intrusion 1E (Figure 3 ) is intersected by several 1-2 mm wide epidote (6quartz?) veins. Three chilled margins and the epidote veins trend between 458 and 558 to the core axis. The core was drilled 358 from vertical suggesting the intrusions were likely to have been emplaced near vertically as dikes, but may have been intruded horizontally as sills, or at some angle between the two. A review by Gudmundsson et al. [2014] suggests that both dikes and sills are relatively common in Iceland; thus, a distinction cannot be conclusively made.
Here we distinguish RN-30 dolerites as having a TEE or TED precursor on the basis of our Nb/Zr and Y/Zr analyses (see section 3.1), following the classification of Gee et al. [1998] . TEE dolerites (intrusions 1A through 1E; Figure 3 ) contain plagioclase laths up to 1 mm long with an ophitic to subophitic texture, primary igneous minerals are heavily fractured, and alteration of primary igneous minerals is generally more advanced than for TED dolerites ( Figure 4A ). The mesostasis and microfractures are completely altered to chlorite and/or albite, with accessory amphibole, apatite, pyrite, and chalcopyrite ( Figure 4B ). In places, clinopyroxene and titanomagnetite rims are altered to chlorite 1 amphibole. Igneous plagioclase and clinopyroxene grains are extensively intersected by healed microfractures and cleavage planes that contain fluid inclusion suites similar to those described above for RN-19. Epidote veins and quartz 1 epidote amygdales are uniquely present in TEE intrusions.
TED dolerites (intrusions 3 through 5; Figure 3 ) contain subeuhedral plagioclase xenocrysts, euhedral olivine phenocrysts, and have finer-grained ophitic and coarser-grained subophitic domains ( Figure 4C ). Olivine ranges up to 0.3 mm, and accounts for 3-4% of the volume, and while it is completely replaced by chlorite 1 quartz (and hornblende at increasing depth), olivine pseudomorphs can be distinguished in thin section by the habit and replacement mineral assemblage. The mesostasis contains a similar alteration assemblage to TEE dolerites, although apatite, pyrite, chalcopyrite, and titanite are much finer. Clinopyroxene is altered to chlorite along grain boundaries and is uralitized in more altered zones ( Figure  4D ). Samples of fine-grained basalt intrusions (intrusions 2 and 6; Figure 3) were not available for wholerock analysis, but are assumed to have a TED affinity based on a high proportion of olivine phenocrysts typical of TED ''picrite'' surface basalt flows. Intrusions 2 and 6 consist of fine-grained basalt with chilled margins containing 3-4% of 0.2-0.8 mm olivine grains that have been completely replaced by chlorite 1 quartz, while hornblende is noticeably absent. The chilled margins were likely glassy intrusion contacts, consistent with the igneous texture and lack of obvious flow banding or vesiculation that would distinguish a lava flow top or bottom. The originally glassy matrix of chilled margins is completely replaced by chlorite. Intrusions 4 and 6 occur in fractured core intervals and are distinguishable based on chilled margins in some of the fractured material.
In thin section, TEE dolerites (intrusions 1A through 1E; Figure 3 ) are generally coarser-grained than TED dolerites and contain more abundant titanomagnetite. Another important distinction is the lack of healed microfractures with secondary fluid inclusions in TED dolerites. Albitization is more extensive in TEE dolerites along these microfractures ( Figure 4B compared to Figure 4D ). With one exception, definitive contacts between the TEE and TED dolerites (intrusions 3 through 5; Figure 3 ) occur in fractured core intervals. In this one location, the TED intrusion quenched against the adjacent TEE intrusion, indicating it is younger.
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FOWLER AND ZIERENBERG REYKJANES CORE ELEMENT GAINS AND LOSSES Figure 3 . Drill log of the three sequential RN-30 drill cores. RN-30 consists of a series of dolerite and fine-grained basalt intrusions with either a trace element enriched (intrusions 1A through 1E) or trace element depleted igneous affinity (intrusions 3 through 5), verified using whole-rock major and trace element analyses. Fine-grained basalt intrusions 2 and 6 were not analyzed geochemically, but are assumed to belong to the TED group based on the abundance of olivine phenocrysts. A series of hyaloclastite slough blocks were recovered with the core, and come from an unknown depth above.
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Several hyaloclastite ''rollers'' were returned as slough on top of the RN-30 core. The slough contains fine-grained basalt fragments that suggest a chilled margin may be present. The hyaloclastite preserves few original textures and records multiple generations of alteration: epidote 1 actinolite veins followed by garnet 1 apatite replacing epidote, followed by quartz 1 chlorite veins, followed by anhydrite veins ( Figures 4E and 4F ). The hyaloclastite is intersected by 1-10 mm anhydrite 1 quartz veins. Fe-oxide is present in some of the thinner anhydrite veins. The hyaloclastite cobbles were recovered from an unknown depth above the intrusions, but based on cutting logs and geophysical logs, likely came from 2450 m depth.
Analytical Methods
Samples cut from the RN-19, RN-17B, and RN-30 core were selected to avoid large veins and vugs. The outer core edge that was in contact with the drill bit and core barrels was removed using a diamond edge rock saw and rinsed with deionized water to minimize potential trace metal contamination from the drill bit. Samples were selected to avoid secondary mineral veins, but microscopic chlorite/actinolite veins were impossible to avoid in some samples. The extensive network of anhydrite and quartz veins could not be excluded from the RN-30 slough blocks, and space-filling albite was also incorporated in hyaloclastite and lithic breccia samples from the RN-17B core for the same reason. Major, trace element, and loss on ignition (LOI) determinations were performed on bulk rock samples of drill core and drill cuttings at Washington State University (WSU) GeoAnalytical Laboratory. Samples were ground in a tungsten carbide ring mill. Major and trace element concentrations were measured using X-ray fluorescence spectrometry (XRF) and inductively coupled plasma mass spectrometry (ICP-MS). Samples analyzed by XRF were prepared according to the methods outlined in Johnson et al. [1999] and analyzed using a Thermo-ARL AdvantXP instrument. Samples analyzed by ICP-MS were prepared according to the methods outlined in Jenner et al. [1990] and analyzed using an Agilent 4500 ICP-MS. The limit of determination (LOD) reported for XRF measurements was provided by WSU, and is the 2-sigma limit determined from analyzing 250 repeat measurements made over 14 months (Table 1 ). The LOD reported for ICP-MS data is derived from the concentration equivalent of the analytical blank 1 3 times the standard deviation of the concentration equivalent of replicate Geochemistry, Geophysics, Geosystems
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FOWLER AND ZIERENBERG REYKJANES CORE ELEMENT GAINS AND LOSSESmeasurements of the analytical blank (Table 1 ). The plots presented in this study utilize the value of the LOD for analytes reported below the respective LOD. We acknowledge that values near the LOD have associated errors approaching 6100%.
Measurements of selected trace elements in hornblende from the RN-17B core were performed on standard polished thin sections using laser ablation inductively couple plasma mass spectrometry (LA-ICP-MS). Analyses included hydrothermal hornblende replacing hyaloclastite shards (2798.64 and 2799.75 m) and glassy rims on clasts in lithic breccia (2802.9 and 2804.3 m). Analyses were performed at UC Davis using an Agilent 7700x quadrupole ICP-MS with an additional rotary exhaust pump connected in-line with the standard pump to lower detection limits and improve precision [G€ unther and Hattendorf, 2005] .
The ICP-MS was coupled to a Photon Instruments 193 nm ArF excimer laser equipped with an ANU-style HelEx dual-cell ablation chamber. Material was transported from the ablation cell using helium as a carrier gas, which was subsequently mixed with argon gas prior to introduction into the plasma. Tuning was performed while ablating standard reference material (SRM) NIST 610 to maximize sensitivity, to minimize the ThO 1 /Th 1 ratio, and to maintain the U 1 /Th 1 intensity approximately equal to the concentration ratio in the standard (1). The MPI-DING ML3B-G basalt glass was used as a calibration standard, and the MPI-DING KL2B-G basalt glass was analyzed as an unknown. 43 Ca was used for internal element standardization, and the Ca content of hornblende (12.25 wt %) is the average of RN-17B hornblende values measured by electron microbe that were reported by Fowler et al. [2015] .
The LA-ICP-MS analytical precision is reported as the percent relative standard deviation (% RSD) of repeated measurements of the SRMs, and analytical accuracy is reported as the average of the differences between the measured value and the established concentration of each element monitored in the SRMs reported in percent. Accuracy is within 2.7% and precision is within 5.9% (Table 2) . Data were reduced using Iolite software [Paton et al., 2011] , incorporating values for the MPI-DING standards from Jochum et al.
[2006]. The detection limit (essentially 3r * background measured before and after each laser spot analysis) was calculated using the equation of Longerich et al. [1996] , which is incorporated in the Iolite software data reduction scheme. Geochemistry, Geophysics, Geosystems Figures 5A and 5B) ; included for reference is the range of values for TEE and TED unaltered surface basalts compiled from published sources [Revillon et al., 1999; Skovgaard et al., 2001; Kokfelt, 2006; Koornneef et al., 2012] . Results are also plotted in terms of immobile element ratios (Nb/Zr and Y/Zr) which differentiate unaltered TEE and TED surface basalts ( Figure 5C ). Unaltered TEE surface basalts plot at Y/Zr ratios <0.38, and unaltered surface TED basalts plot at Y/Zr values >0.58 ( Figure 5C ).
The RN-19 and RN-30 dolerite samples have relatively low LOI (<1.0-1.6 wt %), while RN-30 hyaloclastite and RN-17B rocks have higher LOI (up to 4.88 wt %) that correspond to higher proportions of hydrous alteration minerals. For comparison, LOI in whole-rock samples of the sheeted dike sections of Holes 504B and 1256D range 0-6.0 and 0-4.7%, respectively [Kurnosov et al., 2008; Huang et al., 2015] . Despite clear evidence that all samples in this study are altered to some degree, the alteration characteristics have not obscured the magmatic affinity to unaltered TED and TEE surface basalts recorded by immobile element concentrations ( Figures 5A and 5B) or ratios ( Figure 5C ). Figure 6 ). The isotopic variations are useful for identifying mantle heterogeneities, but they cannot be used to distinguish the compositional protoliths (e.g., TEE or TED) of the altered rocks for the purpose of constraining the chemical exchange between the basalts and hydrothermal fluids, as discussed below. It has also been suggested that these isotope systems may be modified during seawater-basalt interaction [Verma, 1992] .
An important consideration is that analytical error approaches 6100% for element concentrations that approach the LOD. This is particularly important for K, Rb, and Pb in TEE rocks, which are reported at levels near the LOD (Table 1 ). The average concentration of K 2 O in unaltered TEE surface rocks is 0.2 wt % (references in Figure 5 legend) compared to the LOD reported in this study of 0.031 wt % (LOD) for K 2 O. Rb values are 3.5 ppm (unaltered) compared to 0.057 ppm (LOD), and Pb values are 0.53 ppm (unaltered) compared to 0.204 (LOD). The average value of K, Rb, and Pb in unaltered TEE rocks, the assumed protolith, is much greater than 100% of the LOD value, so there is a sufficient level of confidence in the results to infer hydrothermal mobilization of these elements even considering large relative errors for values near the LOD.
LA-ICP-MS Results for REE in Hornblende
LA-ICP-MS results for hornblende replacing hyaloclastite shards and originally glassy pillow and breccia clast margins in the RN-17B core are provided in Table 2 . An attempt was made to measure Y and the rare earth elements (La through Lu) in space-filling hydrothermal albite from RN-17B using LA-ICP-MS; however, the results were statistically indistinguishable from background and thus are not included in analytical tables. All hornblende samples are LREE (La through Eu) depleted with negative EU anomalies compared to the adjacent whole-rock samples, while HREE (Gd through Lu) values for hornblende are within error of adjacent whole-rock samples (Figure 7) . The results show that while HREE are relatively immobile in glassy protolith material that is completely altered to hornblende, there are large losses of LREE relative to the chlorite-dominated crystalline clasts that dominate the samples submitted for whole-rock chemistry.
Determination of Protolith and Elemental Gains and Losses
Element concentrations in primary rocks are ''diluted'' by secondary open-space filling mineralization, and modified by alteration-induced density changes during the formation of hydrous alteration minerals [e.g., Gresens, 1967; Barrett and MacLean, 1994; Grant, 1986; Franzson et al., 2008] . Scaling concentrations to a hydrothermally immobile element is useful for removing the effects of dilution and density changes in order to gauge concentration changes of highly mobile elements. This method was used to calculate hydrothermal fluxes of elements recorded by samples from Hole 504B by scaling highly mobile elements to Nb [Bach et al., 2003] . Despite some degree of alteration for all of the Reykjanes drill core samples, the TEE or Geochemistry, Geophysics, Geosystems
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TED affinity is not obscured when a suitable immobile element is selected as an alteration monitor ( Figure 5C ). In order to gauge the direction of elemental changes (gains or losses), we normalized samples to Zr ( Figure  8 ), which is generally immobile even during high degrees of hydrothermal alteration [Humphris and Thompson, 1978b; Floyd and Winchester, 1978; Zierenberg et al., 1988; Barrett and MacLean, 1994; Franzson et al., 2008] . Aside from low susceptibility for mobilization by hydrothermal processes, Zr is a particularly good alteration monitor because it is present at fairly high concentrations relative to other trace elements. The generally high concentrations minimize error in analytical measurement and compensate for any slight mobilization or sample inhomogeneity.
Discussion
Alteration and elemental gains and losses are distinct for RN-30 dolerite compared to the extrusive RN-17B rocks and RN-30 hyaloclastite slough blocks that were originally emplaced in contact with cold seawater on the seafloor. We use the term ''extrusive'' to refer to rocks originally emplaced on the seafloor that include hyaloclastite, lithic breccia, basalt sandstone, and basalt pillow formations. Rocks originally emplaced on the seafloor are present at the current depths owing to down faulting and burial by continued volcanism [Bj€ ornsson et al., 1972; Friðleifsson and Richter, 2010; Fowler et al., 2015] . In contrast, grain size, ophitic textures, and chilled margins in RN-30 and RN-19 TEE and TED dolerites indicate subsurface intrusion. In addition to the mode of emplacement, the crystallinity of intrusive and extrusive rocks differs as does the nature and extent of alteration. Intrusive rocks are largely coarse-grained, while the extrusive rocks contain finely crystalline protolith and glass in hyaloclastite shards and pillow basalt rims. In the RN-30 and RN-19 intrusive TEE and TED dolerite, alteration is dominated by chlorite and is largely restricted to mesostasis and grain Table 2 is plotted for each depth interval. The REE content of adjacent whole-rock samples and unaltered surface basalts is included for comparison (see references in Figure 5 legend for data sources).
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FOWLER AND ZIERENBERG REYKJANES CORE ELEMENT GAINS AND LOSSESedges. In the RN-17B extrusive rocks, glass and small crystalline clasts are almost entirely altered to hornblende and calcic plagioclase, while fine-grained interiors of crystalline clasts largely contain chlorite. In the RN-30 hyaloclastite slough blocks, alteration of primary material is dominated by chlorite, actinolite, and epidote. The following discussion of hydrothermal element gains and losses assumes that rocks in the studied drill core samples had protolith compositions similar to surface basalt flows at Reykjanes prior to alteration. While Figure 5 suggests this is the case for several refractory elements along with Nb/Zr and Y/Zr ratios, this assumption is extended to a range of major and trace elements. 
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Rocks With a TED Affinity
The compositional heterogeneity of rocks with a TED protolith, which includes lithic breccia samples from the RN-17B core and dolerite samples from the RN-19 and RN-30 cores, presents a challenge for distinguishing hydrothermal gains and losses of elements. The compositional heterogeneity of TED rocks results from the influence of variable amounts of cumulate phases such as olivine, plagioclase, and titanomagnetite [Gee et al., 1998 ] that act to ''dilute'' trace element concentrations. The trace element composition of the TED group is further modified by the trace element characteristics of the diluting cumulate phase. The influence TED  TEE  TED  TEE   TED  TEE  TED  TEE   TED  TEE TED TEE (Figure 9 ). Obvious gains or losses of elements are not apparent in altered samples with a TED affinity due to the large variability of unaltered equivalents exposed on the Reykjanes Peninsula (Figure 8 ). The exception is for TED lithic breccia samples from the RN-17B core, which have clear U and Pb gains and Cu loss, similar to elemental changes in adjacent RN-17B rocks with a TEE protolith affinity (Figure 8) . Contrary to what the chlorite mesostasis alteration and presence of chlorite and actinolite mineralized fractures would suggest, many TED samples from the three cores appear to have lost Mg relative to the unaltered TED surface basalts (Figure 8 ). However, this apparent Mg loss potentially reflects a lower proportion of cumulate olivine compared to unaltered surface equivalents (Figure 9 ).
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RN-30 TEE Dolerites
RN-30 TEE dolerites have lost K, Rb, Ba, and Pb (Figures 8 and 10 ). Experiments have demonstrated that K, Rb, Cs, and Ba are released from basalt at temperatures above 1508C during reaction with seawater [Seyfried and Bischoff, 1979; Seyfried, 1987] , and Pb is readily mobilized from basalt under hydrothermal conditions [Chen et al., 1986; Verma, 1992] . K, Rb, Ba, and Pb were likely hosted in igneous mesostasis, which has been completely replaced by hydrous alteration phases ( Figures 4C and 4D ). Primary plagioclase, clinopyroxene, and most titanomagnetite remain largely intact (Figures 4A and 4B) and are unlikely the primary source of these elements. While the whole-rock data indicate that RN-30 TEE dolerites have not gained or lost Cu (Figure 8 ), Cu has likely been gained based on the localized presence of chalcopyrite 1 pyrite 1 chlorite on fracture surfaces that were excluded from the whole-rock analysis. This would indicate that the RN-30 TEE dolerites are overall a sink for Cu and Mg, and are not a significant source of these elements.
Alteration and Elemental Changes in TEE Extrusive Rocks
Element gains and losses in the RN-17B and RN-30 TEE extrusive rock samples are more complex than for the RN-30 TEE dolerite intrusions. Gains of Mg, Na, U, Pb, Zn, and losses of K, Rb, Ba, Sr, and Cu are observed (Figures 8 and 10 ). Because these rocks were originally emplaced on the seafloor, we examine element gains and losses in the context of subseafloor hydrothermal processes.
The elements U and Mg along with K, Rb, Cs, and Ba are gained by basalt from seawater during weathering and low-temperature diffuse seawater flow through permeable pillow basalt, hyaloclastite, and sediment deposits in hydrothermal recharge zones in the upper oceanic crust [Hart, 1969; Thompson, 1973; Thompson, 1978a, 1978b; Staudigel et al., 1981a Staudigel et al., , 1981b Hart and Staudigel, 1982; Staudigel and Hart, 1983; Chen et al., 1986; Staudigel et al., 1996; Alt, 1995; Alt et al., 1996; Teagle et al., 1996; Bach et al., 2001 Bach et al., , 2003 . The main phases hosting K, Rb, and Cs in the upper oceanic crust are palagonite, nontronite, and celadonite and, at increasing temperature other smectites [Staudigel et al., 1981a; Hart and Staudigel, 1982; Alt, 1995] . U mobility is controlled by a fluid redox change as initially oxidized seawater is buffered to reducing conditions during reaction with basalt. The result is that uranium is fixed in the crust at less than 808C by the reduction of seawater U(VI)-U(IV). Uranium is thought to be hosted in Fe-oxides [Hart and Staudigel, 1982; Chen et al., 1986; Alt, 1995; Bach et al., 2001] formed by the oxidation of ferrous iron in the basalt. Addition of seawater-derived Mg to oceanic crust persists at more elevated temperatures than U and alkali elements [Bischoff and Dickson, 1975; Hajash, 1975; Bloch and Hoffman, 1978; Humphris and Thompson, 1978a; Edmond et al., 1979; Alt, 1995] . The host phases for Mg are smectite clays at temperatures <2008C and chlorite at temperatures >2008C [Alt, 1995] .
Assuming U and Mg enrichments in the Reykjanes extrusive rocks result from low-temperature weathering by seawater, we would expect accompanying enrichment of alkali elements (K, Rb, Cs) and Ba; however, these elements have been lost (Figures 8 and 10 ). Alkali and Ba uptake by oceanic crust from seawater probably ceases at the thermally controlled transition of smectite to chlorite, which occurs at temperatures >2008C in seafloor hydrothermal systems [Alt, 1995] . At similar temperatures in the Reykjanes geothermal system, alkali mobilization is facilitated by the temperature-dependent breakdown of the low-temperature clay minerals while Mg continues to be incorporated into chlorite [Tomasson and Kristannsdottir, 1972] . We suggest that alkalis were originally gained by the RN-17B and RN-30 extrusive rocks, and remobilized during transition to an elevated hydrothermal temperature regime that facilitated the breakdown of smectite clays. Mg gains persisted at these elevated temperatures due to the formation of chlorite, which is the dominant alteration phase in the extrusive rocks. U was potentially originally hosted by Fe-oxides; however, it is unclear what the hosting phase is now. The reducing conditions that characterize deep fluids in the Geochemistry, Geophysics, Geosystems
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Reykjanes geothermal system [Stef ansson and Arn orsson, 2002] likely hinder U remobilization, as U mobilization is widely recognized as requiring oxidizing conditions. Sr loss and Na gain in RN-17B extrusive rocks corresponds with near complete alteration of primary plagioclase to coexisting albite and anorthite, and the common occurrence of albite as a space-filling secondary mineral [Fowler et al., 2015] . The most Whole-rock data for Reykjanes drill core samples are included for comparison (see legend in Figure 5 ). While the TEE basalts form a distinct cluster, TED basalts have highly variable compositions due to incorporation of variable degrees of cumulate phases. Data sources and legend are same as for Figure 5 .
Geochemistry, Geophysics, Geosystems
10.1002/2016GC006595 FOWLER AND ZIERENBERG REYKJANES CORE ELEMENT GAINS AND LOSSES 20
extensively recrystallized rocks in the lower sheeted dike sections from in situ oceanic crust also indicate uptake of Na by albite formation. Recrystallization of plagioclase, which hosts Sr in the Ca crystal site, provides a mechanism to release Sr.
RN-30 hyaloclastite and RN-17B TEE lithologies have lost Cu and gained Pb and Zn (Figures 8 and 10 ). Apparent Cu gains in one RN-30 hyaloclastite sample is due to vein material that contains chalcopyrite (Figure 4D) . Cu concentrations fall below the detection limit in most of the RN-17B extrusive samples (Table 1) . Seawater-basalt reaction experiments demonstrate that Cu and Zn are readily mobilized from basalt at low water-rock ratio (1:1) when temperatures exceed 3508C [Seewald and Seyfried, 1990] . Cu leaching at lower temperatures requires sustained low pH that is maintained by Mg metasomatism resulting from seawater-
Lost from altered rock
Lost from altered rock Gained in altered rock RN-17B TEE Lithic-dominated RN-17B TEE Hyaloclastite-dominated RN-30 Hyaloclastite
RN-30 TEE Dolerite Unaltered Subaerially Exposed Basalt
Lost from altered rock
Gained in altered rock
Lost from altered rock Gained in altered rock
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00 Altered samples compared to a compilation of 35 values for unaltered, subaerially exposed basalts with a TEE affinity. Major elements are in weight percent (upper) and minor elements in ppm (lower), both upper and lower diagrams are plotted on a logarithmic scale. Where values of altered rocks (red) do not appear, they are within the range of values for subaerially exposed rocks (black). Elements that fall below the LOD are plotted at a value equivalent to the detection limit.
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rock interaction at high (>10 to >50) water-rock ratios [Seyfried and Bischoff, 1981; Seyfried and Mottl, 1982; Mottl, 1983; Reed, 1983] .
Ubiquitous Zn and Pb enrichment and Cu depletion in the RN-17B samples appears to record at least a two-stage alteration history. Fluid inclusion measurements and the occurrence of secondary hornblende and calcic plagioclase in the RN-17B core suggest temperatures exceeded 4008C at some stage in the past [Fowler et al., 2015] , which would be more than sufficient to leach Cu, Zn, and Pb. It is however difficult to reconcile near complete loss of Cu in RN-17B rocks without accompanying losses of Pb and Zn. One possibility is that Pb and Zn were introduced as contamination during the drilling processes due to contact of the samples with the drill bit, or precipitated from hot brine due to chilling by cold drilling fluids. While these contamination mechanisms cannot be definitively ruled out, they are unlikely. The outer edge of the 4 inch (10 cm) diameter drill cores was removed prior to powdering, and drill bit contamination of the core interiors is unlikely. Pb (0.12-0.29 ppm) and Zn (5-27 ppm) in Reykjanes downhole fluids [Hardardottir et al., 2009] are over an order of magnitude lower than RN-17B whole-rock Pb (0.5-0.98 ppm) and Zn (140-184 ppm). Considering the low primary porosity of the drill core samples, a large flux of hot brine through the samples during drilling would be required to produce the observed Pb and Zn enrichments, which is unlikely considering the hole was fluxed by fresh, cold water during drilling.
We suggest that Zn and Pb in RN-17B extrusive rocks were not sourced from contamination by drilling, but were reenriched at a later stage of hydrothermal activity and fixed in Zn and Pb sulfides precipitated from upwelling fluid, along with the pyrite that is ubiquitous in these rocks. Pyrite, chalcopyrite, and sphalerite are present as secondary sulfide minerals throughout the Reykjanes reservoir rocks [Libbey and WilliamsJones, 2016] . REE mobility depends in part on the relative amounts of glass and crystals in the protolith, which affects the accessibility of REE to reaction processes [Humphris et al., 1978] . Leaching experiments on dolerite from Hole 504B showed preferential mobilization of LREE relative to HREE from more reactive interstitial glass than primary igneous minerals [Bach and Irber, 1998 ]. Basalt-seawater experiments and reaction calculations have demonstrated that a high water-rock ratio (>50) is required to maintain low pH during basaltseawater reactions [Mottl, 1983; Reed, 1983] . At these high water-rock ratios, significant seawater Mg is taken up by glassy pillow margins, which become totally recrystallized to chlorite [Alt, 1995] . REE mobilization from basalt is facilitated by high water-rock ratios [Ludden and Thompson, 1979] , because REE leaching is significantly more effective in low pH fluids [Michard, 1989] . Elevated temperatures are important for REE mobilization and transport also. Hydrothermal and geothermal fluids with temperatures >2308C typically have elevated REE relative to cooler fluids [Michard, 1989] . Experimental work showed that Eu decouples from other REE at temperatures greater than 2508C due to a transition from Eu 31 to Eu 21 under reducing conditions typical of hydrothermal systems, while the other REE remain in a trivalent state [Sverjensky, 1994] . LREE chloride complexes (particularly La 31 and Eu 21 ) are increasingly stable in chloride-rich fluids at temperatures >2508C, and in part contribute to the distinctive chondrite normalized pattern of hydrothermal vent fluids that are LREE-enriched with a positive Eu anomaly [Allen and Seyfried, 2005; Migdisov et al., 2009] . In summary, significant REE mobilization occurs above 2008C and at high water-rock ratios, conditions where chlorite rather than lower temperature clay minerals are stable [Alt, 1995] . In contrast, REE gains are typical of oxidative weathering of rocks on the seafloor and are often accompanied by gains of U, Mg, K, Rb, Cs, and Ba, although gains can occur at higher temperatures owing to destabilization of aqueous REE Clcomplexes during cooling of hot hydrothermal fluids.
We attempted to measure the REE content of space-filling albite using LA-ICP-MS to determine whether that space-filling albite in whole-rock samples could be responsible for the apparent REE loss in RN-17B
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FOWLER AND ZIERENBERG REYKJANES CORE ELEMENT GAINS AND LOSSEShyaloclastite samples 2798.64 and 2800.05 by diluting the whole-rock sample. The albite REE content was well below detection, so while the incorporation of any albite could reduce the overall REE content by diluting whole-rock samples, it would not significantly modify relative LREE and HREE ratios. RN-17B samples showing LREE loss contain a higher proportion of glassy protolith material altered to hornblende compared to other RN-17B rocks that contain relatively more crystalline protolith material dominated by chlorite alteration [Fowler et al., 2015] . We measured the REE content of hornblende replacing hyaloclastite shards and clast margins to test whether that the abundance of glassy lithologies altered to hornblende might control apparent whole-rock REE loss. In all cases, hornblende is significantly LREE-depleted and has a negative Eu anomaly compared to any RN-17B whole-rock REE value, which assumedly approximates the original REE values of the glassy material (Figure 7 ).
One possibility is that REE were lost from more reactive material during a period of elevated temperatures that facilitated enhanced LREE transport as aqueous chloride complexes. The hornblende in Reykjanes rocks formed at temperatures in excess of 4008C [Marks et al., 2010 [Marks et al., , 2011 . In the case of the RN-17B core, this likely occurred due to proximal intrusion of a dike followed by cooling to the current in situ temperature of 3458C [Fowler et al., 2015] . Similar (although not as extreme) LREE losses and development of a negative Eu anomaly have been documented for a pillow basalt margin recrystallized to chlorite at the pillow basaltsheeted dike transition zone in Hole 504B [Alt and Emmerman, 1985] . Similar to RN-17B, rocks in the Hole 504B transition zone experienced a temperature spike to 3808C prior to cooling back to 2008C . Also similar to the two crystalline RN-17B rocks that have gained LREE and have positive Eu anomalies, many crystalline pillow basalt and upper sheeted dike samples from Hole 504B have gained LREE and have positive Eu anomalies [Alt and Emmerman, 1985] .
LREE were not necessarily lost during a temperature spike and conditions that resulted in hornblende crystallization. LREE loss potentially occurred at lower temperatures prior to hornblende formation owing to high fluid throughflow in the originally porous hyaloclastite and along pillow and clast margins, which maintained low pH fluids with the potential to leach REE from the reactive glass protolith. Less porous crystalline clast interiors likely experienced lower effective water-rock ratios that were less effective at leaching LREE and in some cases facilitated net LREE deposition. Variable initial porosity and fluid flow through in portions of the RN-17B core could explain why LREE are gained or lost in rocks that experienced similar temperature extremes but are dominated by different alteration assemblages. If high fluid flow through resulted in LREE loss, alteration still likely occurred at temperatures in excess of 2508C, which would promote enhanced LREE fractionation through the formation of aqueous chloride complexes. While it is possible that coexisting LREE gains and losses reflect variable effective water-rock ratios at elevated temperatures, it cannot be ruled out that LREE gains in the RN-30 hyaloclastite and RN-17B pillow basalt samples reflect the initial low-temperature oxidative weathering by seawater that also resulted in U gains.
Comparison of Reykjanes Rocks With Samples of Altered Oceanic Crust 4.4.1. U and Mg
Progressive depletion of Mg and U from seawater and addition to the oceanic crust along a hydrothermal recharge path results in nearly total absence of these elements in venting hydrothermal fluids [Chen et al., 1986; Alt, 1995] . The result is a U and Mg-depleted fluid that continues to react with oceanic crust [Chen et al., 1986; Alt, 1995] . This model is consistent with observations from ODP/IODP Hole 1256D [Teagle et al., 2006; Wilson et al., 2006; Alt et al., 2010] and DSDP/ODP Hole 504B [Alt et al., 1986; Bach et al., 2003] . While the upper volcanic sections in 1256D and 504B are enriched in Mg and U, there are no significant Mg or U gains in rocks from the sheeted dike section of these holes during the on-axis phase of alteration Bach et al., 2001 Bach et al., , 2003 ].
Low-temperature weathering by seawater of Reykjanes rocks originally emplaced on the seafloor is reflected by both U and Mg gains in RN-17B and RN-30 extrusive rocks. At the in situ temperature where the RN-17B core was recovered, Mg is hosted in metastable chlorite, which is altering to amphibole, and low-temperature clay minerals are not preserved [Fowler et al., 2015] . RN-30 TEE dolerites do not record apparent gains in Mg and U despite the nearly complete alteration of mesostasis to chlorite, suggesting they have only ever interacted with an upwelling fluid already depleted in Mg and U.
Geochemistry, Geophysics, Geosystems Bach et al., 2003] . At Pito Deep on the NE edge of the Easter microplate, the upper sheeted dikes exposed on a submarine scarp have gained K and Rb and show little mobility of other major elements, while the lower sheeted dike section has lost K and Rb [Heft et al., 2008] . The alkali losses and lack of Mg or U gains in the RN-30 TEE dolerites is consistent with alteration by a Mg-depleted fluid at depth, as hypothesized by Alt et al. [1996] for the sheeted dike section in Hole 504B. Importantly, the RN-30 TEE dolerites were recovered from active hydrothermal conditions and have unlikely been exposed to low-temperature weathering or alteration that potentially reenriches alkalis to some degree in dolerite samples recovered from in situ oceanic crust.
Compared to drill core samples of in situ ocean crust that experienced alteration at extreme (>4008C) temperatures, the abundance of clastic (breccia, hyaloclastite, and volcanic sand) lithologies recovered in the RN-17B core is somewhat unusual. However, the clastic rocks all suggest local transport and deposition near the eruptive center. We note that the core recovery in RN-17B was near 100%, whereas recovery of rocks from upper oceanic crust drilled at sea are typically low, and may be biased due to selective recovery of more competent lithologies, particularly basalt flows. Despite the unusual abundance of clastic rocks in RN-17B, it is clear that RN-17B rocks were derived from basaltic eruptions on the seafloor, typical of numerous volcanic sections of upper oceanic crust that have undergone background weathering and lowtemperature hydrothermal alteration [e.g., Alt, 1995] . Coexisting U and Mg gains in the RN-17B TEE extrusive rocks are typical of low-temperature alteration in numerous examples of the upper volcanic section recovered from the seafloor and upper levels of in situ oceanic crust. However, the alkali and Ba losses are somewhat unique. It is difficult to explain the U and Mg gains without associated alkali gains, suggesting alkali elements were remobilized. The persistence of the interpreted early Mg and U gains at elevated temperatures in the RN-17B TEE extrusive lithologies is also unique. Overprinting of in situ oceanic crust that experienced axial hydrothermal alteration by subsequent low-temperature alteration has been widely discussed.
The RN-17B rocks raise the possibility that underprinting of high-temperature alteration by earlier lowtemperature alteration may also be a factor in mass exchange estimates at locations where oceanic crust is volcanically thickened and has subsided. 4.4.3. Rare Earth Elements LREE are generally enriched in oceanic crust that has undergone low-temperature weathering by seawater [Thompson, 1973; Ludden and Thompson, 1979; Staudigel et al., 1995 Staudigel et al., , 1996 . LREE gains have also been documented for chloritized pillow basalt margins that have undergone higher temperature (200-3808C) hydrothermal alteration in Hole 856 at Middle Valley [Teagle and Alt, 2004] , along with samples from the upper sheeted dikes in Hole 504B [Alt and Emmerman, 1985; . REE are generally immobile during the low-temperature palagonitization of basaltic glass by seawater [Pauly et al., 2011] , so while LREE gains appear to occur at a range of temperatures and conditions, REE loss from rocks unlikely stems from lowtemperature oxidative weathering processes. The source of the LREE remains an active area of research. Few examples of LREE-depleted rocks from the oceanic crust have previously been recovered. Exceptions that show preferential mobilization of LREE relative to HREE include extensively altered patches at the base of the Hole 504B drill core that show up to 50% lower REE than surrounding weakly altered dolerite [Bach and Irber, 1998 ], and a chloritized pillow margin and wall rock sample from the pillow basalt-sheeted dike transition in Hole 504B [Alt and Emmerman, 1985] .
The LREE depletion of hornblende replacing glassy pillow rinds and hyaloclastite shards in RN-17B relative to whole-rock samples (Figure 7) [Alt et al., 2010] , Hess Deep [Gillis, 1995] , and Pito Deep [Heft et al., 2008] ). The lack of Cu depletion in RN-30 dolerites, coupled with chalcopyrite occurrence on fracture surfaces, suggests Cu was mobilized from a deeper source and precipitated at the in situ temperature of 3458C. This is consistent with the observation of Libbey and Williams-Jones [2016] that secondary chalcopyrite (with pyrite or pyrrhotite) is widely distributed in the Reykjanes geothermal reservoir rocks.
Pb isotope studies of seafloor basalts, massive sulfide deposits, and metalliferous sediments demonstrate that Pb is readily leached from MORB at depth in the oceanic crust [Br evart et al., 1981; Vidal and Clauer, 1981; Peucker-Ehrenbrink et al., 1994; Chauvel et al., 1995; Fouquet and Marcoux, 1995; Fouquet et al., 1996] . Zn and Pb concentrations are highly covariable in axial and off-axis hydrothermal massive sulfide deposits [Zierenberg et al., 1984; Doe, 1994; Fouquet et al., 1996] , while Cu does not typically covary with Zn and Pb [Doe, 1994] . In seafloor hydrothermal fluids, Cu is decoupled from Zn and Pb owing to much lower solubility of Cu sulfide relative to Zn and Pb sulfide for a given temperature [Zierenberg et al., 1984] . Cu solubility is controlled by chalcopyrite supersaturation at <3508C [Seewald and Seyfried, 1990; Seyfried and Ding, 1995] and Zn solubility is controlled by sphalerite supersaturation at <2508C [Janecky and Seyfried, 1984] . Cu is enriched in RN-30 dolerites based on the widespread occurrence of chalcopyrite in veins not included in whole-rock analyses, but in contrast to RN-17B, Zn and Pb are not enriched because temperatures experienced by the dikes in RN-30 remain too hot to precipitate Zn and Pb sulfides.
The gains of U, Mg, Pb, and Zn (and possibly LREE) in extrusive RN-17B and RN-30 rocks are consistent with low-temperature weathering/alteration upper portions of the oceanic crust. In contrast, higher-temperature mineral assemblages (greenschist and amphibole grade) and losses of alkalis, Ba, and Cu (and LREE in two samples) recorded by the RN-17B extrusive rocks are characteristic of higher-temperature samples recovered from the sheeted dike section on the ocean floor, particularly at the base of Hole 504B as described by Alt et al. [1986] .
Summary
Figure 11 is a schematic diagram depicting element gains and losses recorded by TEE rocks in the RN-17B and RN-30 cores. Rocks in the RN-17B core were originally emplaced on the seafloor, subsided due to down-faulting and lithospheric subsidence, and were buried by continued volcanism [Bj€ ornsson et al., 1972; Friðleifsson and Richter, 2010; Fowler et al., 2015] . The RN-17B rocks record a complex history of elemental gains and losses that involved several stages of alteration. The first stage occurred at low temperature after initial emplacement on the seafloor, and is recorded by addition of seawater uranium to the rocks. Alteration at increasingly elevated temperatures is reflected by gain of Mg (and likely gains of alkalis and Ba in clay minerals) in smectite clays. The second stage of alteration occurred at >2008C, when alkalis and Ba were remobilized during the breakdown of smectite clays to form chlorite. LREE were potentially lost at this stage from rocks that experienced high effective water-rock ratios, or were potentially lost during a subsequent stage of higher-temperature alteration. Seawater Mg continued to be added to the rocks and was hosted by chlorite. More advanced alteration (Stage 3) involved temperatures that likely exceeded 4008C and is recorded by loss of Cu (likely coupled with Zn and Pb depletion). This higher temperature >4008C alteration stage is also evident based on fluid inclusions in epidote veins in the RN-17B core, which correspond to a boiling event likely induced by intrusion of a dike [Fowler et al., 2015] . Cuttings from RN-17 also record localized high temperature (>9508C) pyroxene hornfels alteration [Marks et al., 2011] . Zn and Pb enrichment in RN-17B suggest an episode of lower temperature fluid flow capable of depositing Pb and Zn sulfide.
Alteration even more extreme than that recorded by the RN-17B hyaloclastite samples was documented in hyaloclastite samples recovered from RN-30, where altered basalt shows extensive silicification (>70 wt % SiO 2 ). In contrast, elemental gains and losses recorded by dolerite in the RN-30 core are more modest and can be explained by a single stage of alteration at or above the in situ temperature of 3458C, temperatures too hot to deposit Pb or Zn sulfide. Loss of Rb, K, Ba, and Pb from RN-30 dolerite is accompanied by slight Cu gain in mineralized fractures. The lack of Mg and U enrichment in RN-30 dolerite suggests that the hydrothermal fluid is evolved seawater depleted in these elements earlier in the flow path. Elemental gains and losses in the RN-30 core and the low degree of alteration of primary plagioclase and clinopyroxene in Geochemistry, Geophysics, Geosystems
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the core is consistent with emplacement as intrusions relatively recently near the current depth. It is only by analysis of drill core that the multistage history of alteration in this active geothermal system can be ascertained.
Conclusions
Elemental gains and losses resulting from hydrothermal fluid-rock reactions is a processes of global significance. Chemical reactions occurring in the active roots of hydrothermal systems set the composition of hydrothermal vent fluids, and thus provide an important control on seawater chemistry. These reactions also modify the composition of oceanic crust, which is ultimately recycled in subduction zones. The Reykjanes drill cores are unique in that they were recovered at high temperature from an active, basalt-hosted, seawater-recharged geothermal system. Elemental gains and losses recorded by the RN-30 intrusive basalts are consistent with observations from the upper sheeted dike section drilled from in situ oceanic crust in several locations. The RN-17B lithologies and the RN-30 hyaloclastites that were originally emplaced on the seafloor record the integrated effects of elemental gains and losses imprinted during subsidence through increasingly elevated temperatures. Elemental gains and losses in the altered rocks are comparable to hydrothermal element gains and losses that occur at various stages of hydrothermal alteration beneath Geochemistry, Geophysics, Geosystems 10.1002/2016GC006595 submarine hydrothermal systems. While late-stage retrograde hydrothermal alteration has not ''overprinted'' the rocks in the RN-17B drill cores, early stage alteration ''underprints'' high-temperature alteration in many of the extrusive samples.
